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ABSTRACT
We obtained 128 high signal-to-noise ratio Stokes V spectra of the B3V star ι Her on
5 consecutive nights in 2012 with the ESPaDOnS spectropolarimeter at the Canada-France-
Hawaii Telescope, with the aim of searching for the presence of weak and/or complex mag-
netic fields. Least-Squares Deconvolution mean profiles were computed from individual spec-
tra, averaged over individual nights and over the entire run. No Zeeman signatures are detected
in any of the profiles. The longitudinal magnetic field in the grand average profile was mea-
sured to be −0.24±0.32 G, as compared to −0.22±0.32 G in the null profile. Our observations
therefore provide no evidence for the presence of Zeeman signatures analogous to those ob-
served in the A0V star Vega by Lignie`res et al. (2009). We interpret these observations in three
ways. First, we compare the LSD profiles with synthetic Stokes V profiles corresponding to
organised (dipolar) magnetic fields, for which we find an upper limit of about 8 G on the polar
strength of any surface dipole present. Secondly, we compare the grand average profile with
calculations corresponding to the random magnetic spot topologies of Kochukhov & Sudnik
(2013), inferring that spots, if present, of 2 degrees radius with strengths of 2-4 G and a filling
factor of 50% should have been detected in our data. Finally, we compare the observations
with synthetic V profiles corresponding to the surface magnetic maps of Vega (Petit et al.
2010) computed for the spectral characteristics of ι Her. We conclude that while it is unlikely
we would have detected a magnetic field identical to Vega’s, we would have likely detected
one with a peak strength of about 30 G, i.e. approximately four times as strong as that of Vega.
Key words: Stars : rotation – Stars: massive – Instrumentation : spectropolarimetry.
1 INTRODUCTION
Stellar magnetic fields contribute in an important way to the struc-
ture, dynamics and energetics of stellar atmospheres, envelopes and
winds. In cool stars with convective envelopes (spectral types F,
G, K and M), magnetic fields are produced through the dynamo
processes acting in these stars. These often complex and variable
magnetic fields are essentially ubiquitous, and exhibit characteris-
tics that are strongly correlated with stellar convective and rota-
tional properties (e.g. Wright 2013). In contrast, magnetic fields
of hotter stars with radiative envelopes (spectral types A, B and
O) are characterised by simpler global topologies that are ob-
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served to be remarkably stable on long (years-decades) timescales.
These magnetic fields are in fact quite rare: only a small frac-
tion (less than 10%; e.g. Power et al. 2008; Wade et al. 2013) are
known to host such fields, with the remainder being observably
non-magnetic (e.g. Aurie`re et al. 2010). The existence of this ’mag-
netic dichotomy’ (Aurie`re et al. 2007) is arguably the most funda-
mental outstanding problem in our understanding of the magnetism
of early-type stars.
Recently, Lignie`res et al. (2009) reported the detection of an
extraordinarily weak Stokes V signature in spectral lines of the
bright A1V star Vega. They proposed that these signatures were
the consequence of Zeeman effect, implying the presence of a very
weak and complex magnetic field located in the visible photosphere
of the star. Petit et al. (2010) confirmed this hypothesis, reproduc-
ing the signature at 4 different epochs using 2 different instruments,
and interpreting the spectropolarimetric time series in terms of a
surface magnetic field using Zeeman Doppler Imaging (ZDI). The
results of this procedure support the view that Vega is a rapidly ro-
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tating (Prot = 0.73 d) star seen nearly pole-on (i = 7◦). The recon-
struction of the magnetic topology at two epochs revealed a mag-
netic region of radial field orientation, closely concentrated around
the rotation pole. This polar feature is accompanied by a small
number of magnetic patches at visible lower latitudes. No signif-
icant variability of the field structure was observed over a one-year
time span.
As proposed by Lignie`res et al. (2009) and Petit et al. (2010),
Vega may well be the first confirmed member of a much larger, as
yet unexplored, class of weakly-magnetic early-type stars. As such,
it may provide important clues for understanding the magnetic di-
chotomy. In this paper we test this proposal by searching for Vega-
like Stokes V signatures in a hotter early-type star, ι Herculis.
ι Her (HR 6588, HD 160762) is a bright (V = 3.80) B3 IV
star. Due to its brightness and sharp (v sin i = 6 km/s) lines, it
has been frequently employed as a spectroscopic and abundance
standard (e.g. Lefever et al. 2010; Nieva & Przybilla 2012). Its at-
mospheric and physical parameters are both accurately and pre-
cisely known, and were most recently reported by Nieva (2013) and
Nieva & Przybilla (2012). These characteristics also make ι Her
well-suited to high precision magnetometry. The properties most
relevant to this study are summarised in Table 1.
ι Her is a Slowly Pulsating B-type (SPB) pulsator with
a principal pulsation frequency of 0.28671 c d−1 (about 3.5 d;
Chapellier et al. 2000). The pulsation amplitude is significantly
variable on long (> 1 yr) timescales. In fact Handler (2009) was
unable to detect any uvy photometric variability at the ∼mmag
level, whereas the photometric amplitude in the Hipparcos BT fil-
ter reported by Chapellier et al. (2000) was in excess of 15 mmag.
Chapellier et al. (2000) also report variable radial velocity (RV) at-
tributable to pulsation. The RV amplitude is also secularly variable.
ι Her is also the primary of a single-lined spectroscopic bi-
nary (SB1) system, with a ∼ 113 d orbital period (Chapellier et al.
2000). Chapellier et al. note that assuming a mass of ∼ 7 M⊙ for the
primary, the mass function implies an upper limit of 0.4 M⊙ for the
companion. They suggested that the companion is a white dwarf,
although it could also be an M dwarf.
Bailey & Landstreet (2013) find a rather significant differ-
ence between Si abundances measured using lines of Si i and
ii in the spectrum of ι Her - in fact the most significant differ-
ence in their sample. But they ascribe this to NLTE, noting that
Nieva & Przybilla (2012) find a solar abundance of this element.
Landstreet et al. (2009) observed no direct evidence of atmospheric
velocity fields in the line profiles. Babcock (1958) included ι Her
in his list of stars ’showing little or no evidence of Zeeman effect’.
In this paper we employ an extensive new collection of con-
tiguous high resolution, high signal-to-noise ratio (SNR) spectra to
constrain the presence of magnetic field in the photosphere of ι Her.
The data acquisition, reduction and characteristics are described in
Sect. 2, along with the Least-Squares Deconvolution. Evaluation of
the magnetic field detection and longitudinal field measurement is
discussed in Sect. 3. In Sect. 4 we describe the modeling performed
to interpret our null results, both in terms of organised dipolar field
structures, random spot topologies, and a field analogous to that
detected on Vega by Lignie`res et al. (2009).
2 OBSERVATIONS
One hundred twenty-eight Stokes V sequences of ι Her
were acquired with the ESPaDOnS spectropolarimeter (see e.g.
Silvester et al. 2012, for details and performance of ESPaDOnS)
Figure 1. Mean nightly LSD profiles of ι Her. Night 1 - black. Night 2 -
blue. Night 3 - green. Night 4 - red. Night 5 - cyan.
Table 1. ι Her physical and wind parameters. From Nieva (2013) and
Nieva & Przybilla (2012) except R/R⊙, which is computed from M/M⊙ and
log g.
Parameter Value
Teff (K) 17500 ± 200
log g (cgs) 3.80 ± 0.05
M/M⊙ 6.7 ± 0.2
R/R⊙ 5.4 ± 0.2
v sin i (km/s) 6 ± 1
mounted on the 3.6m Canada-France-Hawaii Telescope (CFHT)
during 25-29 June 2012. Each polarimetric sequence consisted of 4
individual subexposures of 60s duration, between which the λ/2
retarders (Fresnel rhombs) are rotated. The data were acquired
in fast readout mode. From each set of four subexposures we
derived Stokes I and Stokes V spectra in the wavelength range
3670 - 10000 Å following the double-ratio procedure described
by Donati et al. (1997) and Bagnulo et al. (2009), which cancels
spurious polarization signatures to first order. Diagnostic null po-
larization spectra N were also calculated by combining the four
subexposures in such a way that polarization cancels out, provid-
ing us with a second verification that no spurious signals are present
in the data. All frames were processed using the automated reduc-
tion package Libre ESpRIT (Donati et al. 1997) fed by the Upena
pipeline at CFHT. Continuum normalization was performed order-
by-order, using an IDL tool developed by VP.
The median SNR of the reduced spectra is 1021 per 1.8
km/s pixel. The log of observations is reported in Table 2.
The reduced data can be accessed at the CFHT archive hosted
by the Canadian Astronomy Data Centre (CADC) accessible at
http://www1.cadc-ccda.hia-iha.nrc-cnrc.gc.ca.
2.1 Variability
ι Her is an SPB star. Pulsations are reflected in its spectral lines
through variable distortions and small RV shifts. This variability
is detected in our spectra as evolving RVs (on the order of a few
tenths of km/s) over the course of each observing night, and small
differences in width, depth and RV of the nightly-averaged Least-
Squares Deconvolved (LSD) line profiles (discussed further in the
c© 2002 RAS, MNRAS 000, 1–??
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next section). To illustrate the magnitude of these effects we show
the nightly-averaged LSD Stokes I profiles in Fig. 1.
The pulsation period of ι Her is rather long (3.5 d) compared to
the exposure time (60s) and polarimetric sequence duration (370 s
including readout). As a consequence, we do not observe any indi-
cation of spurious signatures introduced into the individual Stokes
V or null N LSD profiles due to variability during the exposure se-
quences (e.g. Neiner et al. 2012). On the other hand, night-to-night
variability of the line profile is significant (although very small
compared to that of β Cep pulsators like γ Peg; Neiner et al. 2014).
The projected rotational velocity v sin i of ι Her is well es-
tablished, and equal to 6 ± 1 km/s (Nieva 2013). Using the ra-
dius of 5.4 ± 0.2 R⊙ computed from the measured mass and sur-
face gravity and cited in Table 1, we can estimate the stellar rota-
tional period assuming rigid rotation. The rotation period is given
by Prot = 50.6 R sin i/v sin i = (45.5+11−8 ) sin i d. If sin i = 1.0 then
Prot = 37.5 − 56.5 d. If sin i = 0.7 (i.e. i ≃ 45◦), then Prot =
26.3 − 39.6 d. If sin i = 0.2 (i.e. i ≃ 12◦), then Prot = 7.5 − 11.3 d.
Previous asteroseismic analyses of ι Her
(Mathias & Waelkens 1995; Chapellier et al. 2000) provide
no guidance concerning neither the star’s inclination nor its
rotational period.
2.2 Least Squares Deconvolution
The diagnosis of the magnetic field is based on averaging of
Zeeman signal potentially present in many spectral lines using
the Least-Squares Deconvolution procedure (Donati et al. 1997).
In this work, we employ the iLSD (’improved LSD’) proce-
dure (Kochukhov, Makaganiuk & Piskunov 2010) as implemented
in a fortran 90 code written by O. Kochukhov (Uppsala), us-
ing an IDL front-end developed by J. Grunhut (ESO). The iLSD
procedure provides for multi-profile deconvolution (using multi-
ple line masks) and regularization of the deconvolution process
(Kochukhov, Makaganiuk & Piskunov 2010). However, neither of
these features was used in our study.
We developed several line masks based on a Vienna Atomic
Line Database (VALD) (Kupka et al. 2000) extract stellar re-
quest corresponding to the atmospheric parameters summarised in
Table 1, using a line-depth cutoff of 0.01. We used an IDL tool
developed by J. Grunhut to clean the line mask, removing hydro-
gen and He lines with broad wings, lines blended with H/He lines,
and lines which had no observed counterpart in the spectrum. Of
the latter there were many; a large number of predicted lines ap-
pear to be in emission, rather than absorption, or entirely absent
from the spectrum. We interactively adjusted the depths of the re-
maining lines to match the observed depths. We experimented with
the line-depth cutoff, ultimately adopting a cutoff of 0.1. Our final
mask contained approximately 130 spectral lines mainly consisting
of singly-ionised lines of light elements (C, N, O, Ne, Mg, Si, etc.).
Using this line mask, we computed LSD profiles in a win-
dow spanning −300, 300 km/s on a grid spacing of 1.8 km/s. We
computed profiles for each individual spectrum, for the combined
spectra corresponding to each night of observation, and from the
combination of all spectra. All LSD profiles were normalised to the
following values of the Lande´ factor, wavelength and line depth:
g¯ = 1.20, ¯λ = 500 nm and ¯d = 0.1. The typical noise level in in-
dividual LSD Stokes V profiles is 7.2 × 10−5 Ic, while that in the
nightly-averaged profiles ranges from 1.3× 10−5 Ic to 3.0× 10−5 Ic.
The noise level in the grand average profile (computed from the
average of all 128 individual spectra) is 5.6 × 10−6 Ic.
The grand average and nightly averaged LSD profiles of ι Her
are illustrated in Fig. 2.
3 MAGNETIC FIELD DIAGNOSIS
We employed the χ2 detection approach described by
Donati, Semel & Rees (1992) and the detection thresholds in-
troduced by Donati et al. (1997) to evaluate the presence of any
significant signal in the LSD profiles. No significant or marginally
significant signal (i.e. no false alarm probability smaller then 10−3)
was obtained within the bounds of the mean spectral line for any of
the individual or averaged V or N profiles. We therefore tentatively
conclude that no significant magnetic signal is detected in our
observations of ι Her.
In order to quantify our upper limits, we measured the mean
longitudinal magnetic field from our LSD profiles using the first
moment method, applying Eq. (1) of Wade et al. (2000). In par-
ticular, we measured each individual LSD profile, as well as the
nightly means and the grand average profile. The individual pro-
files yield typical longitudinal field error bars of ∼ 4 G. The nightly
mean profiles have error bars ranging from 0.5 to 1.3 G. The grand
average profile is characterised by an error bar of 0.3 G. None of
the measurements corresponds to a longitudinal field significant at
greater than 3σ.
We also computed weighted averages of the individual pro-
file longitudinal field measurements and the nightly mean profile
measurements. We find that these weighted averages, as well as the
grand average profile measurement, yield essentially identical lon-
gitudinal field values and uncertainties. This suggests that line pro-
file variations have little impact on our ability to detect and measure
the magnetic field.
The results of the χ2 detection analysis and the mean longitu-
dinal field measurements are reported in Table 4 and Table 2.
4 MODELING
4.1 Organised magnetic field
We began by comparing the LSD profiles of each star to a grid
of synthetic Stokes V profiles using the method of Petit & Wade
(2012). In this approach, we assume a simple centred dipolar field
model, parametrised by the dipole field strength Bd, the rotation
axis inclination i with respect to the line of sight, the positive mag-
netic axis obliquity β, and the set of observed rotational phases
Φ = [ϕ1..ϕN] associated with a set of Stokes V observations of a
same star.
We began by fitting the shape of the Stokes I LSD profile. The
model (Petit & Wade 2012) makes assumptions similar to those de-
scribed in Sect. 4.4, except that due to the different codes employed,
a Milne-Eddington atmosphere is used (instead of a linear limb-
darkening law), and a Voigt profile (rather than a Gaussian profile)
is here assumed for the shape of the local line profile. The differ-
ences in the line profile calculation resulting from these choices are
entirely negligible.
A projected rotational velocity of 6 km/s was adopted.
Given that the rotation periods are generally unknown, the ro-
tational phases are treated as nuisance parameters by marginalizing
the posterior probability density over the possible phase values in a
Bayesian statistical framework. We therefore obtain the goodness-
of-fit of a given rotation-independent B=[Bd, i, β] magnetic config-
uration. However, as the observations here were obtained during 4
c© 2002 RAS, MNRAS 000, 1–??
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(a) Grand average (b) Night 1 (c) Night 2
(d) Night 3 (e) Night 4 (f) Night 5
Figure 2. LSD profiles of ι Her. (a) Grand average profile. (b)-(f) Mean profiles from individual nights. Shows in each panel are Stokes I (bottom of each
panel, in black), Stokes V (top of each panel, in red) and diagnostic null N (middle of each panel, in blue). Note that V and N are shifted and scaled for display
purposes, and the scaling differs for each panel.
Table 2. Longitudinal field and detection probability measurements of LSD profiles. Columns from left to right correspond to: LSD profile name, starting and
ending velocities used for determination of longitudinal field and detection probability, mean error bar (per 1.8 km/s pixel) in Stokes V LSD profile, detection
probability, longitudinal field and longitudinal field significance in Stokes V , detection probability, longitudinal field and longitudinal field significance in
diagnostic null N. The longitudinal field significance is defined as 〈Bz〉/σ, where σ is the longitudinal field formal error.
start end σ PV 〈Bz〉 zV PN 〈Nz〉 zN
(km/s) (×10−5) (%) (G) (%) (G)
Night 1 −33 −6 1.3 34.3 0.08 ± 0.67 0.1 24.8 −0.53 ± 0.68 −0.8
Night 2 −33 −8 1,2 7.9 0.18 ± 0.55 0.3 19.5 −0.66 ± 0.56 −1.2
Night 3 −33 −7 1.2 37.5 −0.61 ± 0.58 −1.1 3.0 −0.10 ± 0.58 −0.2
Night 4 −33 −8 3.0 7.1 −0.02 ± 1.34 −0.0 5.1 −1.19 ± 1.38 −0.1
Night 5 −36 −4 1.6 36.1 −1.87 ± 1.04 −1.8 2.5 1.41 ± 1.04 1.4
Mean ind 〈Bz〉 (As nightly) −0.29 ± 0.34 −0.9 −0.24 ± 0.34 −0.7
Mean −0.03 ± 0.32 −0.1 −0.11 ± 0.32 −0.3
nightly 〈Bz〉
Grand average −34 −5 0.55 42.9 −0.24 ± 0.32 −0.8 6.7 −0.22 ± 0.32 −0.7
spectrum
consecutive nights, this last assumption may not valid if the rota-
tional period is much longer than the observational timescale (i.e.
if i
∼
> 45◦ as described in Sect. 2). Therefore, we also considered
the case that all the observations were obtained at the same rota-
tional phase – meaning that the Stokes V signature of a potential
magnetic field would have been the identical for all observations –
by analysing the grand average profile. The analysis was performed
on both Stokes V profiles and the null profiles.
We assume a prior probability with a sin(i) dependence for the
inclination angle consistent with a random orientation of rotational
axes. The obliquity angle and the rotational phases have a conser-
vative constant prior, whereas the prior probability for the dipolar
strength is chosen to be scale independent. A detailed description
is provided by Petit & Wade (2012).
Fig. 3 shows the resulting posterior probability density func-
tions (PDFs) that have been marginalised for the dipolar field
strength. The nightly averages and the grand average yielded sim-
ilar field strength upper limits (tabulated in Table 3). The upper
bound of the 95.4 percent credible region is ∼8 G. According to
the numerical investigations of Petit & Wade (2012), this threshold
corresponds typically to a definite detection of a Stokes V Zeeman
signature.
c© 2002 RAS, MNRAS 000, 1–??
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Table 3. Results from the magnetic dipole analysis. The odds ratios of the
non-magnetic model (M0) to the magnetic model (M1) are given for the
nightly observations and the grand average, for the Stokes V and null N
profiles. The upper bound of the credible regions (in G) enclosing a certain
percent of the probability density is also given.
Nightly Grand avg.
log(M0/M1) V 0.62 0.31
Credible regions V (G)
68.3 % 2.3 2.9
95.4 % 6.7 8.6
99.0 % 14.9 17.5
99.7 % 22.5 28.5
log(M0/M1) N 0.80 0.90
Credible regions N (G)
68.3 % 1.5 1.0
95.4 % 3.9 4.2
99.0 % 8.5 12.4
99.7 % 14.8 35.3
Figure 3. Posterior probability density functions of the magnetic dipole
model marginalised for dipolar strength.
Unlike the PDFs for the null profiles (thin blue histograms),
the PDFs for the Stokes V profiles (thick histograms) does not peak
at 0 G. However, the better fit to the observations achieved by the
use of the dipole model is not statistically justified, as shown by the
odds ratios (Table 3) which describe the ratio of the global likeli-
hood of the non-magnetic model (M0) to the magnetic dipole model
(M1).
We therefore conclude that the data provide no convincing evi-
dence for the presence of a dipole magnetic field in the photosphere
of ι Her, with an upper limit of 8 G.
4.2 Random spot fields
Kochukhov & Sudnik (2013) examined the detectability of small-
scale magnetic spots in stellar photospheres, using a model of
randomly-distributed circular spots with specified filling factor,
size and magnetic field strength. Fig. 5 (left panels) of their pa-
per shows that for a Teft = 20000 K star, 2◦ radius magnetic spots
of strength 0.5 kG with a filling factor of 0.5 produce a maximum
unsigned longitudinal field of approximately 10 G and a maximum
amplitude of Stokes V of 4 × 10−3 for v sin i = 10 km/s. Our grand
average profile is characterised by a longitudinal field upper limit
of 3σB = 1.3 G and a Stokes V upper limit of 3σV = 1.7×10−5, i.e.
respectively 7-8 times and 235 times smaller than in the simulation.
Assuming linear scaling of the longitudinal field and Stokes V am-
plitude with spot field strength, we infer that 2◦ spots with strengths
of 2-3 G would be detectable in our data. This analysis ignores the
small differences in the LSD profile wavelength and Lande´ factor
(similar in both studies) and any differences in the relative depths
of the LSD Stokes I profiles (both are approximately 10% deep;
Kochukhov & Sudnik 2013).
Focusing on their Fig. 7, we see that Kochukhov & Sudnik
(2013) find that 2 degree spots with strengths somewhat larger than
200 G would be detectable in a typical observation acquired in the
Magnetism in Massive Stars (MiMeS ) survey (Wade et al. 2013,
i.e. LSD SNR≃23,000) of a 20000 K star with v sin i = 10 km/s.
We can estimate the sensitivity of our observations based on a direct
comparison of SNRs. The SNR of our LSD profiles is 1.8×106, i.e.
nearly 80 times better than that of a typical MiMeS observation.
Scaling the results using the ratio of SNRs, we infer that 2 degree
spots with strengths of 3-4 G and a filling factor of 50% should
be detectable in our data. This result is consistent with that derived
above.
The projected rotational velocity of ι Her is somewhat smaller
than the model assumed here. However, considering that the sen-
sitivity curves in Fig. 7 of their paper converge at small spot sizes
for v sin i
∼
< 50 km/s, we do not foresee that this will provide a
significant detectability advantage.
4.3 Modeling Vega-like fields
In order to assess the feasibility of detecting a magnetic field in ι
Her similar to that found in Vega, we used the ZDI magnetic field
strength and geometry derived by Petit et al. (2010) for Vega, and
generated a set of synthetic line profiles for ι Her. These synthetic
line profiles were then compared to our observed LSD profiles for
ι Her.
Petit et al. (2010) derived a magnetic field map for Vega us-
ing the Zeeman Doppler Imaging (ZDI) program of Donati et al.
(2006). ZDI inverts the rotationally modulated variability of a
Stokes V line profile, in order to reconstruct the vector magnetic
field at the surface of a star. We can take the resulting ZDI mag-
netic field map and apply it to a different model star, to predict
what Stokes V signature that star would have if it had a magnetic
field identical to Vega’s.
4.3.1 Calculating synthetic V profiles
In order to interpret the magnetic map of Petit et al. (2010) and gen-
erate a set of synthetic Stokes V profiles, we developed our own line
modeling code. This program uses the same physical assumptions
as Donati et al. (2006), effectively performing the forward model-
ing part of their full ZDI implementation.
This program functions by generating local line profiles for
a large number of stellar surface elements, then summing these
line profiles together to produce a disk integrated line profile. In-
dividual local line profiles in Stokes I are calculated as simple
Gaussians. While this is clearly a rough approximation, rotational
broadening typically dominates the shape a stellar line profile, thus
this approximation has been found to be sufficient for ZDI (e.g.
c© 2002 RAS, MNRAS 000, 1–??
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Donati & Brown 1997) as long as the V line profile signal is not
very large relative to the noise. This is particularly true when ZDI
is applied to LSD profiles, which themselves are only approxima-
tions of a real line profile. While our observed I spectra have very
high S/N, we detect no signal in our V profiles. Therefore an ap-
proximate line model is sufficient. Local Stokes V line profiles, for
individual surface elements, are calculated using the weak field ap-
proximation for Zeeman splitting:
V(λ) = − e(4πmec)λ
2
0geffB cos(θ)
dI
dλ , (1)
where B is the strength of the local magnetic field vector and θ is
its angle with respect to the line of sight, λ0 is the effective wave-
length of the line, geff its effective Lande´ factor, and I is the Stokes
I profile.
The local line profiles are calculated for a grid of surface ele-
ments of approximately equal surface area. The star is assumed to
have a perfectly spherical geometry. The grid is generated with the
number of points in longitude (Nφ) being Nφ = 2Nθ sin θ, where θ
is the colatitude and Nθ is the number of points in colatitude. The
local profiles are then Doppler shifted according to the projection
of their rotational velocity along the line of sight. The star is as-
sumed to be in solid body rotation. The Doppler shifted profiles are
then summed, weighted by the area of the surface element projected
on the sky, and by the element’s relative brightness. A linear limb
darkening law (e.g. Gray 2005) is used to compute the brightness
of the surface elements. The V and I profiles are then divided by
the disk integrated continuum flux to produce normalised V/Ic and
I/Ic profiles. Finally, the disk integrated line profiles are convolved
with a Gaussian instrumental profile to match the observed spectral
resolution.
The magnetic vector for each surface element on the star
was calculated from a table of spherical harmonic coefficients,
as described by Donati et al. (2006, eqs 2-4). This set of coef-
ficients comprise the ZDI magnetic field map, and are the prin-
cipal output of the ZDI code used to map Vega. These magnetic
coefficients are interpreted in an identical fashion to that used by
Petit et al. (2010) and Donati et al. (2006). For clarity, we note
that there are two significant differences between the equations 2-
8 as stated by Donati et al. (2006) and the actual implementation
in their code (for a star rotating in the right handed sense). Equa-
tion 2 is actually implemented without the leading minus sign (i.e.
Br =
∑
l,m αl,mYl,m(θ, φ)). Additionally, the actual implementation of
the (complex valued) coefficients αl,m, βl,m, and γl,m uses the com-
plex conjugate of the values stated by Donati et al. (2006). As a fur-
ther minor clarification, the Legendre polynomials Pl,m(x) (follow-
ing the common definition of e.g. Abramowitz & Stegun (1965) are
actually functions of cos θ, where θ is the stellar colatitude, rather
than just θ as written in Donati et al. (2006).
These differences have no impact on the accuracy of the ZDI
code, or the maps it produces. They only change the sign of the
(typically unpublished) coefficients. Thus, for the large majority of
applications this difference is trivial, however the correct interpre-
tation of a specific set of αl,m, βl,m, and γl,m is important for accurate
recovery of the surface field distribution.
The accuracy of the synthetic line profiles generated by this
code has been checked extensively against the code of Donati et
al. (2006). Various magnetic maps computed from real Stokes V
time series using the code of Donati et al. were used as input for
our code (largely maps from solar twins investigated by Folsom et
al. in prep.), and our synthetic line profiles were compared to those
generated by the Donati et al. ZDI code as part of the inversion
process. Identical model line parameters (Gaussian width, depth,
wavelength, and effective Lande´ factor) and model stellar param-
eters (rotational phase, i, v sin i, and limb darkening) were used,
and identical model line profiles were successfully produced. These
tests were run for stars with a variety of magnetic field geometries,
inclination angles, and projected rotational velocities, and perfect
agreement was always found.
4.3.2 Model line profiles for Vega
To verify our methodology, we generated model line profiles for
Vega, using the magnetic geometry and stellar parameters de-
scribed by Petit et al. (2010). In this study we focus on the July
2008 map they presented, since there is no clear evidence for the
evolution of the magnetic field between their 2008 and 2009 maps.
The observations in June 2008 from Petit et al. (2010) detect a
Stokes V signature at a higher level of significance than the Sept.
2009 observations, thus we prefer the magnetic map based on these
data. Additionally, the magnetic geometry in the 2008 map is sim-
pler, and thus the map is more likely correct from a maximum en-
tropy standpoint. As a consequence of the significant v sin i of Vega
(22 km s−1 in our model), we reconstruct substantial line profile
variability over a rotational cycle, despite the very small inclina-
tion of the rotation axis to the line of sight (i = 7◦). We computed a
rotationally averaged Stokes V profile by taking the mean of 50 line
profiles evenly spaced in rotational phase. The shapes of our mean
line profiles agree very well with those shown in Fig. 7 of Petit et al.
(2010). The amplitude of our mean line profile also agrees with Pe-
tit et al. (2010), once we used the magnetic map with the correct
amplitudes from Petit et al. (2014, erratum), which contain a peak
magnetic field strength of ∼7.8 G in 2008.
The smaller scale, more rapidly varying features in the syn-
thetic line profile, corresponding to smaller scale features further
from the rotational axis in the magnetic map, are less significant.
These features are generally not detected in individual LSD pro-
files, and thus it is hard to confirm that these features are not sim-
ply noise. However, the strong, nearly constant V signature near the
center of the line, corresponding to the strong polar radial magnetic
spot in the map, appears clearly in the mean LSD profile. Therefore,
we have the most confidence in the accuracy of this feature.
We consider two scenarios for comparison with our observa-
tions: one in which we take the full Vega map from 2008, and one
in which we retain only the most reliable features of the map. In
this second case, we consider only the components of the map that
are symmetric about the stellar rotation axis, since these are the
components that contribute significantly to the rotation averaged
line profile, and are thus clearly seen in the mean LSD profile. The
non-axisymmetric components of the map largely cancel out over
a rotation cycle, and thus are not detected with a very high con-
fidence. We also ignore the toroidal axisymmetric components of
the map, since at the inclination of Vega’s rotation axis, these are
virtually always perpendicular to the line of sight, and hence un-
constrained by Stokes V observations. In practice the modified map
was created by keeping only the α and β coefficients with m = 0 in
the map (see Donati et al. 2006 eq. 2-4) and setting all other coeffi-
cients to zero. We find that a synthetic line profile generated using
only the axisymmetric poloidal magnetic field components repro-
duces the rotationally averaged line profile with a high degree of
accuracy. The magnetic geometries used in these two scenarios are
illustrated in Fig 4, for two different inclinations.
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Figure 4. Illustrations of the magnetic field geometries used. The top row is the 2008 Vega magnetic map at i = 7◦, the second row is the same map at i = 45◦ .
The last row presents the axisymmetric poloidal components of the 2008 map at i = 7◦ and i = 45◦. Black lines indicate the rotation pole and equator. Arrows
represent the direction of the magnetic field, with blue arrows having a negative radial component and red arrows having a positive radial component. Frames
are labeled by rotational phase.
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Figure 5. Model Stokes V line profiles for ι Her, based on the magnetic field map of Vega in 2008 from Petit et al. (2010). Grey lines are models for individual
rotation phases, thick black lines are the line profile averaged over the rotation cycle. Thick dashed (red) lines are models computed using only the axisymmetric
poloidal components of the magnetic field map. The thin line with points (blue) is our observed mean V LSD profile. Models are computed for inclinations of
the rotation axis of 7◦ and 45◦, as labeled.
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4.3.3 Model line profiles for ι Her
ι Her has a reasonably precise v sin i of 6 ± 1
km s−1 (Nieva & Przybilla 2012), however the inclination of
the stellar rotation axis is unknown. Therefore we consider two
scenarios, one in which the star has the same inclination as Vega
(i = 7◦), and one in which the star has a 45◦ inclination. For
randomly oriented rotational axes, it is much more probable to
find an inclination near 45◦ than 7◦. Our model line uses a centre
wavelength of 500 nm and a Lande´ factor of 1.2, matching the
normalization values used to calculate the LSD profiles. We set the
local line depth by fitting the LSD I line profile (a depth of 0.10
of the continuum at line center). We set the local line width to 5
km s−1 , by fitting the line widths of several individual lines in the
observed spectra, as well as fitting the width of the LSD profile.
We used a limb darkening coefficient of 0.75 (a typical value
for a late-B star; Gray 2005), and stellar grid with 8146 surface
elements. v sin i was set to 6 km s−1 and an instrumental resolving
power of 65000 was used.
A 45◦ inclination angle, coupled with the known v sin i implies
a rotation period in the 26 - 40 day range, as discussed in Sect. 2.1.
Our observations were obtained over a period of 4 days, and thus
would cover between 10% and 16% of a rotation cycle if ι Her had
a 45◦ inclination. This implies that phase smearing in our grand
average LSD profile would be fairly minor at this inclination. A
7◦ inclination implies a rotation period in the 4.6 - 6.9 day range.
For this inclination our observations would span between 60% and
90% of a rotation cycle, thus our grand average LSD profile would
be close to a rotationally averaged line profile in this model.
ι Her has a significantly lower v sin i than Vega, effectively
providing less resolution of the stellar surface. As a consequence,
there is significantly more cancellation in the V profile from surface
regions with different magnetic polarity. This lowers the amount of
rotational variability in the profile and produces a less complex line
profile, but the amplitude of the V profile does not change strongly
as a consequence of v sin i.
Increasing the inclination of the star effectively reduces the
accuracy of the magnetic model. The magnetic map of Vega is es-
sentially only constrained on one hemisphere, with the magnetic
field in regions below the equator being driven to zero by the reg-
ularization chosen. Regions near the equator, but still in the visible
hemisphere of Vega, are weakly constrained due to increasing limb
darkening and a radial field component that is nearly perpendic-
ular to the line of sight. Thus, as the inclination increases, more
of the stellar surface with weak, unconstrained magnetic field val-
ues becomes visible. Furthermore, as the strong polar spot becomes
more inclined with respect to the line of sight, weaker, less well
constrained magnetic features in the Vega map contribute propor-
tionally more to the model V profile. For randomly oriented rota-
tion axes, the mean inclination angle would be ∼60◦. However, as
a consequence of the inaccuracy of our map at such large inclina-
tions, we do not consider any inclinations beyond 45◦.
In order to assess the impact of systematic uncertainties in
the magnetic map on our model line profiles, we computed model
line profiles using the 2009 Vega magnetic field map of Petit et al.
(2010). For i = 7◦ the rotationally averaged 2009 line profiles were
qualitatively similar to the 2008 line profiles, although with slightly
lower amplitude. However, at i = 45◦ the rotationally averaged line
profile for the 2009 map had a much lower amplitude than the 2008
map, while the line profiles at individual phases had significantly
larger amplitudes in the 2009 map and somewhat different shapes.
This supports the conclusion that systematic uncertainties are mod-
est in our i = 7◦ models, but large enough to be significant in our
i = 45◦ models.
In Fig. 5 we show synthetic V profiles for the Vega map at
i = 7◦ and i = 45◦, both for many individual rotational phases and
for rotationally averaged profiles. For the i = 7◦ models we find
an amplitude that is comparable to the noise in our mean observed
LSD V profile. In the i = 45◦ case we find slightly higher am-
plitudes at some phases, but the rotationally averaged profile has
a slightly lower amplitude, and again the profiles have amplitudes
near that of the noise in the observation. However, since this in-
clination increases the importance of less reliable features in the
map, the large amplitudes at individual phases may not be accu-
rate. Using a magnetic map based on the axisymmetric poloidal
components only, we find V profiles very similar to the rotational
average of the full Vega map at both inclination angles. The in-
clination angle chosen implies a degree of phase smearing in our
observed mean LSD profile. For the i = 7◦ case, where our ob-
servations would span nearly a full rotation cycle, the rotationally
averaged model is the most realistic. For the i = 45◦ case, where
our observations would cover only 10-15% of the rotation cycle, the
models at individual phases are more realistic. In the case of a 45◦
inclination, there are in fact some phases at which a magnetic field
similar to Vega’s would have been detected in our observations.
To evaluate the detectability of a magnetic field identical to
Vega’s in a more quantitative fashion, we calculated reduced χ2
values for the observed LSD profile relative to the models. Based
on χ2 statistics we evaluated the probability that our model profiles
are inconsistent with the observations. This provides an approxi-
mation of the probability that we would have detected the signal in
a model if it were in our observation. These probabilities were cal-
culated for models using both inclinations, for a range of rotational
phases, presented in Fig. 6. The models based on the axisymmetric
components of the map are included as well, but they do not vary
with rotation. The ‘null profile’ model is provided for reference,
and it is a model with no signal in Stokes V . We also calculated
disagreement probabilities for the rotationally averaged line pro-
files at both inclinations. In the rotationally averaged cases, we find
no significant probability of ‘detecting’ our model line (i = 7◦,
P = 0.033; i = 45◦, P = 0.072), with values similar to the corre-
sponding axisymmetric models. At some rotational phases for the
i = 45◦ model the disagreement probability becomes larger, but it
never exceeds 90%.
From this modeling, we conclude that it is unlikely we would
have detected a magnetic field identical to that of Vega in ι Her,
unless we observed at a particularly favourable inclination and ro-
tation phase. However, we are near the limit of detection for such
a field. We therefore consider a few models in which we scale up
the strength of the magnetic field in the Vega map but leave the
morphology unchanged. In these tests we consider the 2008 mag-
netic map of Petit et al. (2010) at inclinations of 7◦ and 45◦, and for
simplicity we only use the rotationally averaged line profile. We
consider a scaling of up to five times the strength of Vega, we also
consider scaling the magnetic field with an opposite sign. At 7◦ the
rotationally averaged line profile is a good approximation, and with
this we find a scaling factor > 4 or 6 −2 provides models incon-
sistent with our observations at a high (> 90%) confidence. At 45◦,
again using the averaged line profile, a scaling factor > 5 or 6 −4
produces models inconsistent with our observations (at > 90%).
For i = 45◦ our observations have some phase resolution, thus the
averaged line profile is not as good an approximation. However, for
this inclination, nearly all individual phases produce line profiles
with larger amplitudes and larger disagreement probabilities than
c© 2002 RAS, MNRAS 000, 1–??
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Figure 6. Probabilities that model Stokes V line profiles are inconsistent
with the observations, as a function of the rotational phase of the computed
profile. These are presented for the 2008 Vega map, for inclinations of the
rotation axis of 7◦ and 45◦. The ‘axi-pol’ models are based on only the
axisymmetric poloidal components of the Vega magnetic map, and the ‘null
profile’ model corresponds to no signal in Stokes V .
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Figure 7. Probabilities that model Stokes V line profiles are inconsistent
with the observations, using rotationally averaged model line profiles, based
on the Vega magnetic field geometry, scaled by various factors. A 7◦ incli-
nation (black) and 45◦ inclination (red/gray) are shown.
the rotationally averaged profile (see Fig. 5 and Fig. 6). Thus for
the i = 45◦ case, these scaling values are effectively upper limits
on the scaling needed to produce a detectable profile. We conclude
that while it is unlikely we would have detected a magnetic field
identical to Vega’s, we would have likely detected one with a peak
strength of about 30 G, i.e. approximately four times as strong as
that of Vega.
5 SUMMARY, DISCUSSION AND CONCLUSIONS
In this investigation we have analyzed 128 high resolution and
signal-to-noise ratio Stokes V spectra of the sharp-lined B3IV star
ι Her, obtained on 5 consecutive nights in 2012. Using Least-
Squares Deconvolution with a carefully selected line mask, we
computed LSD Stokes I, Stokes V and N profiles from individual
spectra, nightly-averaged spectra, and the grand mean spectrum. In
no case was any evidence of a magnetic field detected. We obtained
a formal uncertainty associated with the longitudinal magnetic field
of the grand mean of ±0.3 G.
We modelled the LSD profiles in 3 different ways. First,
we used the Bayesian approach of Petit & Wade (2012), infer-
ring an upper limit on any dipole field present of 8 G. Sec-
ondly, we compared our LSD profiles with the calculations of
Kochukhov & Sudnik (2013) for random magnetic spots, inferring
an upper limit of 2-3 G on magnetic spots with angular radii of
2◦ and a filling factor of 50%. Finally, we compared our profiles
with those predicted by the magnetic field model of Vega derived
by Petit et al. (2010). Realisations of the predicted Stokes V pro-
files corresponding to their model were computed for two assumed
rotational axis inclinations of ι Her: 7◦ and 45◦. We concluded that
it is unlikely we would have detected a magnetic field identical to
Vega’s. However, a field four times as strong as Vega’s would likely
have been identified.
An important uncertainty that is only approximately addressed
by our model is the rotational axis inclination of ι Her. The incli-
nation not only defines the observational geometry of the star; it
also implies (in combination with the known projected rotational
velocity and stellar radius) the rotational period of the star. There-
fore knowledge of the inclination is a critical parameter required
to know the expected amplitudes and modulation of Stokes V sig-
natures produced by a given field configuration, as well as the de-
gree of rotational averaging of those profiles in observations such
as ours. Currently, the inclination of ι Her is unknown. However,
detailed asteroseismic studies of this SPB variable star could lead
to important constraints on this valuable parameter.
Our analysis of the nightly mean and grand average LSD pro-
files yields an upper limit of 8 G on any dipole magnetic field
present in the photosphere of ι Her. In the context of the ’mag-
netic dichotomy’ (Lignie`res et al. 2014), our null result for ι Her
provides one of the tightest constraints yet on the absence of organ-
ised magnetic fields in non-Ap/Bp stars in this part of the HR di-
agram (compare with, e.g. Shorlin et al. 2002; Aurie`re et al. 2010;
Lignie`res et al. 2014).
Recently, Neiner et al. (2014) published very high S/N spec-
tropolarimetric observations of the B2IV star γ Peg. γ Peg displays
both β Cep and SPB pulsation modes (Handler et al. 2009), and it
appears to be an intrinsically slow rotator (veq ∼ 3 km s−1 ; Handler
et al. 2009). In their observations with the Narval instrument at the
Te´lescope Bernard Lyot, Neiner et al. (2014) found no evidence
of a magnetic field in the star, with an average longitudinal mag-
netic field of −0.1 ± 0.4 G, and concluded that it is unlikely that γ
Peg hosts a Vega-like magnetic field. With the V profile modeling
methodology described above, we can more rigorously examine the
possibility of a Vega-like magnetic field in γ Peg, by using the mag-
netic map for Vega from Petit et al. (2010) to generate model line
profiles for γ Peg.
To generate line models for γ Peg, we began with the 2008
Vega magnetic map from Petit et al. (2010), which is likely the
more reliable map. For the model line, we used a wavelength of
497 nm and Lande´ factor of 1.22, matching the normalization val-
ues of the mean LSD profile from the Narval observations (Neiner,
priv. comm.). The line depth was set by fitting the depth of the mean
Narval I LSD profile. We used the same local line width as for ι Her
(5 km s−1 ), and we used the same limb darkening coefficient (0.75).
We used v sin i = 0 km s−1 (Telting et al. 2006), although tests with
v sin i = 3 km s−1 make no significant difference. We adopt R =
65000, matching that of Narval, and used a stellar grid with 8146
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surface elements. The inclination of γ Peg is unknown, thus we
consider both the i = 7◦ and i = 45◦ cases. The Narval observa-
tions of Neiner et al. (2014) span one month and likely cover the
majority of a rotation cycle, possibly multiple cycles, thus we only
consider rotationally averaged line profiles (created by averaging
line profiles from 50 evenly spaced phases).
Our rotationally averaged V line profile for γ Peg has an am-
plitude of 6 × 10−6 of the continuum level for i = 7◦, and 4 × 10−6
for i = 45◦. In their mean LSD profile of γ Peg from their Nar-
val observations, Neiner et al. (2014) find a noise level of approx-
imately 1 × 10−5 of the continuum. Therefore we conclude that, if
γ Peg had a magnetic field identical to that of Vega, it is unlikely
Neiner et al. (2014) would have detected it. However, their obser-
vations are close to the detection threshold for the Vega magnetic
field model, much like our observations for ι Her. Thus, while it is
unlikely Neiner et al. (2014) would have detected a magnetic field
identical to Vega’s in γ Peg, if the field were a few times stronger
they likely would have detected it.
Cantiello et al. (2009) and Cantiello & Braithwaite (2011)
proposed that convection due to the iron opacity bump at subpho-
tospheric temperatures (∼ 105 K) could produce magnetic spots
in the photospheres of hot stars. However, according to Fig. 3 of
Cantiello & Braithwaite (2011), stars with HR diagram positions
similar to ι Her are predicted to host magnetic spots with field
strength of order 1 G. Given that the scale of such spots is not
well established, it is unclear if our upper limits on random spot
distributions provide meaningful constraints on these predictions.
In the context of their ”failed fossil” model,
Braithwaite & Cantiello (2013) make rather clear predictions
regarding Vega-like fields: that all intermediate-mass and high-
mass stars should host surface fields of at least the strength found
in Vega; that those fields should decrease in strength slowly over
the course of the main sequence lifetime; that faster rotators should
have stronger fields; and that the length scale of the magnetic
structures on the surface may be small in very young stars but
should quickly increase to at least a fifth of the stellar radius. It is
not entirely clear to what extent our results for ι Her are in conflict
with this model. This star is not located near the beginning of the
main sequence, hence the magnetic structures on its surface should
be rather large (and hence more easily detectable). On the other
hand, its slow rotation and relatively late main sequence location
(and hence larger radius: about 70% larger than on the ZAMS)
should produce a relatively weak field.
Ultimately, we conclude that no evidence of magnetic field is
detected in ι Her at the achieved precision. This result (and that of
Neiner et al. (2014) for γ Peg) demonstrate that deep circular po-
larization spectra of early-type stars acquired with ESPaDOnS and
Narval and analyzed using the LSD method are able to achieve null
results. In itself, this provides additional confidence that positive
detections at similar effective SNRs (like those obtained for Vega
and Sirius) are not instrumental artefacts.
Investigations of this kind represent an important probe of the
characteristics of magnetism in stars with radiative envelopes, po-
tentially leading to new breakthroughs in our understanding of the
physics of the phenomenon of ’fossil’ magnetism.
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Table 4. Spectropolarimetric observations. Columns report Heliocentric Ju-
lian date, signal-to-noise ratio per 1.8 km/s pixel, measured longitudinal
magnetic field from Stokes V and detection significance (as described in
the paper), measured longitudinal magnetic field from diagnostic null and
detection significance.
# HJD S/N 〈Bz〉 zV 〈Nz〉 zN
1543202 2456103.8733 996 3.7 ± 4 0.91 −5.4 ± 4 −1.34
1543206 2456103.8778 1025 −3.1 ± 4 −0.79 −3.3 ± 4 −0.82
1543210 2456103.8824 988 −0.2 ± 4 −0.05 −2.3 ± 4 −0.56
1543214 2456103.8870 995 4.3 ± 4 1.05 3.4 ± 4 0.82
1543218 2456103.8915 950 7.0 ± 4 1.65 −1.4 ± 4 −0.32
1543222 2456103.8960 1017 0.0 ± 4 0.01 7.9 ± 4 1.99
1543226 2456103.9006 1054 −3.1 ± 4 −0.81 −2.5 ± 4 −0.64
1543230 2456103.9051 1089 −1.8 ± 4 −0.48 2.2 ± 4 0.59
1543234 2456103.9096 1079 −2.9 ± 4 −0.77 −4.0 ± 4 −1.05
1543238 2456103.9143 1036 −0.7 ± 4 −0.17 −1.7 ± 4 −0.44
1543242 2456103.9188 1048 7.8 ± 4 1.99 1.4 ± 4 0.34
1543246 2456103.9233 974 5.5 ± 4 1.36 −2.0 ± 4 −0.50
1543250 2456103.9279 1014 −4.5 ± 4 −1.10 −0.4 ± 4 −0.10
1543254 2456103.9324 1054 7.0 ± 4 1.75 0.9 ± 4 0.22
1543258 2456103.9369 1001 0.8 ± 4 0.20 0.1 ± 4 0.03
1543262 2456103.9414 983 3.8 ± 4 0.91 3.1 ± 4 0.75
1543266 2456103.9459 1066 −3.3 ± 4 −0.88 1.0 ± 4 0.27
1543270 2456103.9505 1015 0.4 ± 4 0.11 −1.3 ± 4 −0.32
1543274 2456103.9554 1047 −3.2 ± 4 −0.84 3.2 ± 4 0.84
1543278 2456103.9599 1059 −1.3 ± 4 −0.34 −3.6 ± 4 −0.94
1543282 2456103.9645 1086 −0.7 ± 4 −0.20 −2.2 ± 4 −0.59
1543286 2456103.9690 1125 −2.4 ± 4 −0.66 4.3 ± 4 1.18
1543290 2456103.9735 1147 −5.7 ± 4 −1.62 −0.2 ± 4 −0.05
1543294 2456103.9781 1093 0.9 ± 4 0.25 −2.9 ± 4 −0.79
1543298 2456103.9826 1142 2.7 ± 4 0.74 −3.5 ± 4 −0.95
1543302 2456103.9871 1124 −0.7 ± 4 −0.19 1.5 ± 4 0.41
1543306 2456103.9916 1060 2.3 ± 4 0.61 −4.5 ± 4 −1.19
1543486 2456104.8906 960 1.4 ± 4 0.33 −0.3 ± 4 −0.06
1543490 2456104.8951 1064 −2.6 ± 4 −0.67 −1.4 ± 4 −0.35
1543494 2456104.8996 972 −1.6 ± 4 −0.38 −5.0 ± 4 −1.16
1543498 2456104.9041 928 2.3 ± 4 0.53 −1.0 ± 4 −0.23
1543502 2456104.9087 953 −5.8 ± 4 −1.41 0.7 ± 4 0.17
1543506 2456104.9132 1004 4.9 ± 4 1.21 −5.6 ± 4 −1.37
1543510 2456104.9178 944 4.3 ± 4 1.00 −1.2 ± 4 −0.27
1543514 2456104.9223 1035 −0.8 ± 4 −0.21 0.7 ± 4 0.17
1543518 2456104.9268 945 1.0 ± 4 0.25 7.7 ± 5 1.69
1543522 2456104.9318 927 −1.4 ± 4 −0.33 0.1 ± 4 0.01
1543526 2456104.9363 914 −0.1 ± 4 −0.03 0.5 ± 4 0.11
1543530 2456104.9409 939 2.2 ± 4 0.53 9.4 ± 4 2.21
1543534 2456104.9454 882 −7.4 ± 5 −1.62 −1.1 ± 5 −0.24
1543538 2456104.9499 974 0.4 ± 4 0.11 3.0 ± 4 0.71
1543542 2456104.9545 978 −4.2 ± 4 −1.02 −5.9 ± 4 −1.43
1543546 2456104.9590 959 2.7 ± 4 0.63 −1.4 ± 4 −0.32
1543550 2456104.9635 998 −2.6 ± 4 −0.62 −2.1 ± 4 −0.49
1543554 2456104.9681 1008 0.4 ± 4 0.10 −4.9 ± 4 −1.17
1543558 2456104.9731 1057 −5.3 ± 4 −1.33 −1.1 ± 4 −0.27
1543562 2456104.9776 1021 −1.1 ± 4 −0.28 −0.2 ± 4 −0.06
1543566 2456104.9821 1017 −2.7 ± 4 −0.69 2.7 ± 4 0.67
1543570 2456104.9866 1014 6.6 ± 4 1.69 3.4 ± 4 0.86
1543574 2456104.9911 975 −1.6 ± 4 −0.41 4.1 ± 4 1.02
1543578 2456104.9957 1025 −4.3 ± 4 −1.11 3.1 ± 4 0.77
1543582 2456105.0002 1027 −8.4 ± 4 −2.13 6.9 ± 4 1.73
1543586 2456105.0047 1022 2.1 ± 4 0.53 −6.3 ± 4 −1.56
1543590 2456105.0092 931 −1.7 ± 4 −0.39 −0.7 ± 5 −0.16
1543594 2456105.0144 943 4.4 ± 4 1.05 −10.0 ± 4 −2.32
1543598 2456105.0190 1020 1.7 ± 4 0.42 1.0 ± 4 0.26
1543602 2456105.0235 886 −3.9 ± 5 −0.83 0.9 ± 5 0.19
Table 4 – continued Spectropolarimetric observations.
# HJD S/N 〈Bz〉 zV 〈Nz〉 zN
1543606 2456105.0280 837 1.6 ± 5 0.34 0.3 ± 5 0.06
1543610 2456105.0325 824 6.0 ± 5 1.26 1.3 ± 5 0.27
1543614 2456105.0371 837 −1.7 ± 5 −0.37 −7.2 ± 5 −1.54
1543618 2456105.0416 770 −2.5 ± 5 −0.49 2.9 ± 5 0.56
1543622 2456105.0461 840 3.0 ± 5 0.63 −0.8 ± 5 −0.17
1543626 2456105.0506 858 −0.5 ± 5 −0.10 −5.9 ± 5 −1.23
1543988 2456105.9391 1209 1.3 ± 3 0.39 2.0 ± 3 0.59
1543992 2456105.9437 1259 −1.9 ± 3 −0.57 2.9 ± 3 0.87
1543996 2456105.9482 1268 4.3 ± 3 1.30 3.0 ± 3 0.93
1544000 2456105.9527 1168 −0.7 ± 3 −0.20 −5.1 ± 3 −1.49
1544004 2456105.9572 1066 0.2 ± 4 0.07 0.5 ± 4 0.14
1544012 2456105.9663 1138 −1.0 ± 4 −0.28 3.4 ± 4 0.96
1544016 2456105.9708 1068 −2.2 ± 4 −0.58 1.1 ± 4 0.29
1544020 2456105.9753 1130 0.6 ± 4 0.18 5.7 ± 4 1.59
1544024 2456105.9802 992 −2.3 ± 4 −0.58 −6.2 ± 4 −1.53
1544028 2456105.9847 1057 −0.6 ± 4 −0.15 −1.4 ± 4 −0.35
1544032 2456105.9893 1152 −0.2 ± 4 −0.06 −3.7 ± 4 −1.00
1544036 2456105.9938 1094 −6.1 ± 4 −1.67 −5.4 ± 4 −1.48
1544040 2456105.9983 1124 1.0 ± 4 0.29 0.2 ± 4 0.05
1544044 2456106.0029 1164 1.9 ± 3 0.56 3.5 ± 3 1.04
1544048 2456106.0074 1117 2.4 ± 4 0.65 0.1 ± 4 0.02
1544052 2456106.0119 1084 0.6 ± 4 0.17 6.7 ± 4 1.75
1544056 2456106.0165 1014 −10.8 ± 4 −2.67 −1.6 ± 4 −0.39
1544060 2456106.0214 1147 2.1 ± 4 0.59 1.2 ± 4 0.33
1544064 2456106.0260 1174 0.2 ± 4 0.06 −2.3 ± 4 −0.66
1544068 2456106.0305 1140 −2.3 ± 4 −0.63 0.8 ± 4 0.21
1544072 2456106.0350 1154 3.1 ± 4 0.87 1.9 ± 4 0.53
1544076 2456106.0395 1086 −4.6 ± 4 −1.29 −4.1 ± 4 −1.09
1544080 2456106.0441 1134 4.1 ± 4 1.14 −1.2 ± 4 −0.32
1544084 2456106.0486 1134 1.7 ± 4 0.47 4.4 ± 4 1.19
1544088 2456106.0531 1039 −2.1 ± 4 −0.55 −5.0 ± 4 −1.27
1544092 2456106.0576 1112 −4.3 ± 4 −1.18 0.8 ± 4 0.21
1544447 2456106.9078 578 −6.8 ± 7 −0.98 0.2 ± 7 0.03
1544451 2456106.9124 569 9.8 ± 7 1.40 −7.0 ± 7 −1.01
1544455 2456106.9169 568 9.0 ± 7 1.27 6.1 ± 7 0.84
1544459 2456106.9214 507 −13.5 ± 8 −1.74 −10.2 ± 8 −1.31
1544463 2456106.9259 508 −1.3 ± 8 −0.16 2.0 ± 8 0.25
1544467 2456106.9305 459 −6.9 ± 8 −0.81 −14.4 ± 8 −1.70
1544471 2456106.9350 510 −11.7 ± 8 −1.50 3.2 ± 8 0.40
1544475 2456106.9395 365 −11.6 ± 11 −1.05 14.3 ± 11 1.26
1544479 2456106.9441 501 3.9 ± 8 0.48 −5.8 ± 8 −0.69
1544483 2456106.9490 390 −7.7 ± 10 −0.77 −8.1 ± 10 −0.79
1544487 2456106.9536 327 −6.2 ± 12 −0.53 4.8 ± 12 0.40
1544491 2456106.9581 384 −3.5 ± 10 −0.34 3.6 ± 10 0.35
1544495 2456106.9626 319 −0.9 ± 12 −0.07 9.4 ± 13 0.75
1544499 2456106.9672 319 6.3 ± 12 0.51 9.7 ± 13 0.77
1544503 2456106.9717 611 −4.2 ± 7 −0.64 −6.5 ± 6 −1.00
1544507 2456106.9762 702 1.9 ± 5 0.35 −2.8 ± 6 −0.50
1544511 2456106.9807 626 5.4 ± 6 0.86 −1.3 ± 6 −0.20
1544515 2456106.9853 667 −0.8 ± 6 −0.15 −1.4 ± 6 −0.24
1544519 2456106.9904 732 1.3 ± 5 0.24 3.7 ± 5 0.68
1544523 2456106.9949 711 5.8 ± 5 1.08 −10.8 ± 5 −1.98
1544527 2456106.9994 453 8.8 ± 9 1.01 1.5 ± 9 0.16
1544730 2456107.9126 1188 2.9 ± 3 0.86 0.2 ± 4 0.05
1544734 2456107.9172 1083 −1.5 ± 4 −0.42 5.4 ± 4 1.45
1544738 2456107.9217 1082 0.1 ± 4 0.04 0.1 ± 4 0.03
1544742 2456107.9262 1104 −4.5 ± 4 −1.23 2.4 ± 4 0.64
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Table 4 – continued Spectropolarimetric observations.
# HJD S/N 〈Bz〉 zV 〈Nz〉 zN
1544746 2456107.9307 969 2.5 ± 4 0.60 0.2 ± 4 0.04
1544750 2456107.9353 1099 −4.8 ± 4 −1.28 1.4 ± 4 0.36
1544754 2456107.9398 1110 3.6 ± 4 0.97 1.7 ± 4 0.44
1544758 2456107.9443 1145 0.6 ± 4 0.18 3.6 ± 4 1.01
1544762 2456107.9489 1175 −1.8 ± 3 −0.51 −0.3 ± 4 −0.08
1544766 2456107.9541 989 −6.1 ± 4 −1.50 3.7 ± 4 0.90
1544770 2456107.9586 1033 2.7 ± 4 0.68 3.3 ± 4 0.84
1544774 2456107.9631 1059 8.5 ± 4 2.24 −1.2 ± 4 −0.31
1544778 2456107.9676 1073 1.0 ± 4 0.28 1.0 ± 4 0.26
1544782 2456107.9722 1073 −5.1 ± 4 −1.36 1.3 ± 4 0.36
1544786 2456107.9767 1135 1.8 ± 4 0.51 7.5 ± 4 2.05
1544790 2456107.9812 1190 0.5 ± 3 0.14 −1.9 ± 3 −0.55
1544794 2456107.9858 1182 −0.2 ± 4 −0.06 1.7 ± 4 0.47
1544798 2456107.9903 1136 −3.8 ± 4 −1.05 0.3 ± 4 0.07
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